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The jLn vitro methylation of non-hist<pne chromosomal proteins
(NHCP) was investigated in nucle
thymus of 6- 8-day-old rats.

isolated ftom the brain, liver, and

Afl: er incubating the nuclei

ence of 20 yM S-adenosyl-L-[met iyl-^H]methionine(1 Ci/mmol), the NHCP
were separated from histones on hydroxylapatite, and fractionated further on SDS acrylamide slab-gel electrophore^is.

After the gels xrere

dried, autoradiography was used to detect ^H-methyl groups associated
with these proteins.

Four NHCP from the liv^r and thymus were methy-

lated, while six methylated pro eins were defected .from the brain,
None of the methylated proteins in these tissues corresponded with
those from other organs, except for the component with a molecular
weight of 66,000.

It was eviden

ified to the free carboxyl group

that the methyl groups were esterof NHCP sipce they are heat labile,

yielding methanol.
The carboxyl methylated NHCP from the se organs wpre tightly bound
to chromatin.

Nucleoplasm and

devoid of methylated protein,

oosely assoc iated NHCP were essentially
However, nuclfe'oplasm contained proteins

with molecular weights similar to the methyla ted protein$.
1

The Carboxyl methyltrapsferase has a pH optimum of 6.9-7.0, was
present in nucleoplasm, extractable from chromatin with 0.4 M NaCl, and
non-specifically methylated nucleoplasmic protein when nucleoplasm was
incubated with S-adenosyl-L- [methyl-%]methic
Lonine,
The carboxyl methylation of NHCP proteins was verified, _in vivo.
O
Six-day-old rats were given L- 'methyl- H]me 1j:hionine (7 mCi/mmol) by an

!
intraperitoneal injection.

The rats were killed at varying time periods

and the NHCP isolated from gradient purified nuclei.

Chromosomal pro

teins from the cerebellum, cerebrum, kidney, liver, and thymus contained
significant amounts of ^H-methyl groups.

Turnover of the ^H-methyl esters

was extremely rapid when compared to the turnover rates of the NHCP.
Interestingly, a methylesterase, was observed to be tightly associated
with chromatin, and could account for the rapid turnover of methyl esters
in the absence of protein synthesis.
It is possible that methylation of ciertain NHCP resulted in their
association with chromatin.

Methylated NHCP were tightly bound to chroma-

tin while nucleoplasm contain similar molecular weight proteins that were
not methylated.

These observations

give

support to the idea that certain

newly synthesized NHCP, present in nucleoplasm, were methylated and as a
result of this reaction, tightly bind to chromatin.
It is attractive to suppose that the methylation and demethylation of specific proteins could activate or Lnactivate genes by the bind
ing or release of these protein^ from chromatin.

The carboxyl methylated

proteins appeared to be tissue Specific, and the methyl esters associated
with these proteins turnover at a high rate.

These observations suggested

that the methylation and demethylation of specific proteins could result
in gene regulation.
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ABSTRACT

The in vitro methylation of non-histone chromosomal proteins
(NHCP) was investigated in nuclei isolated from the brain, liver, and
thymus of 6- 8-day-old rats.

After incubating the nuclei in the pres

ence of 20 yM S-adenosyl-L-[methyl-^H]methionine(l Ci/mmol), the NHCP
were separated from histones on hydroxylapatite, and fractionated fur
ther on SDS acrylamide slab-gel electrophoresis.

After the gels were

dried, autoradiography was used to detect % -methyl groups associated
with these proteins.

Four NHCP from the liver and thymus were methy

lated, while six methylated proteins were detected from the brain.
None of the methylated proteins in these tissues corresponded with
those from other organs, except for the component with a molecular
weight of 66,000.

It was evident that the methyl groups were ester-

ified to the free carboxyl grovjps of NHCP since they are heat labile,
yielding methanol.

.
The carboxyl methylatec NHCP from these organs were tightly bound
to chromatin.

Nucleoplasm and loosely associated NHCP were essentially

devoid of methylated protein,

However, nucleoplasm contained proteins

with molecular weights similar to the methylated proteins,
The Carboxyl methyltran,sferase has a pH optimum of 6 .9-7.0, was
present in nucleoplasm, extract able from chromatin with 0.4 M NaCl, and
non-specifically methylated nuc leoplasmic protein when nucleoplasm was
incubated with S-adenosyl-L-[me thyl-%]methionine.

The carboxyl methylation of NHCP proteins was verified, in vivo.
Six-day-old rats were given L-(methyl-^H]meihionine(7 mCi/mmol) by an
intraperitoneal injection.

The rats were killed at varying time periods

and the NHCP isolated from gradient purified nuclei.

Chromosomal pro

teins from the cerebellum, cerebrum, kidney, liver, and thymus contained
significant amounts of ^H-meth;, 1 groups.

Turnover of the ^H-methyl esters

was extremely rapid when compared to the turnover rates of the NHCP.
Interestingly, a methylesterase , was observ ed to be tightly associated
with chromatin, and could accou:,nt for the rapid turnover of methyl esters
in the absence of protein synth esis.
It is possible that met hylation of certain NHCP resulted in their
association with chromatin. Methylated NHCP were tightly! bound to chromatin while nucleoplasm contain s imilar molecular weight proteins that were
not methylated.

These observat ions give sujpport to the idea that certain

newly synthesized NHCP, present in nucleopla sm, were met lylated and as a
result of this reaction, tight 1^ bind to chr omatin.
It is attractive to sup pose that the methylation and demethylation of specific proteins could activate or inactivate genes by the
binding or release of these pro teins from chromatin.

The carboxyl methy-

lated proteins appeared to be t issue specifi c, and the methyl esters assod a t e d with these proteins turnover at a hig h rate.

These observations

suggested that the methylation and demethylation of specific proteins
could result in gene regulation.

S

INTRODUCTION

The methylation of non-*histone chronposomal prote:ins (NHCP) was
first reported by Friedman in 19'69 (1).

Thi s observatio;n has been sub

stantiated by other investigator 0 (2, 3) but conclusive evidence concerning the type of methylation

enzyme loca tion, and ot her general

characteristics of this reacti on has not bee n presented,

The purpose

of this investigation is to an SWier some of these questio ns so that a
function for the NHCP methylatio:>rl can be es tablished.

HISTORICAL REVIEW

The methylation of nuclear proteins; was first reported byFriedman et al. in 1969 (1).

O
Male rats were given L-[methyl- H]-

methionine by intraperitoneal injection.

the nuclei were isolated

from the liver and extracted with 0.14 M NaCl, and the saline soluble
proteins separated by centrifugation.

These proteins dontained e-N-

monomethyl or e-N-dimethyllysine and trace amounts of monomethylarginine.

After the histones were extractecd with 0.25 M HC1 from

.
the chromatin, the acid insoluble proteins contained 2300 cpm/mg
residual protein.

These findings were subsltantiated by Liens and

3
Surin (2).

They administered S-adenosyl-L- [methyl- Hjmethionine to

rats and found that the non-histone chromosomal protein (NHCP) iso
lated from nuclei contained significant amounts of "^H.
The carboxyl methylatibn of NHCP has not been reported previ
ously.

However, carboxyl methylated proteins have been found in many

types of eucaryotic cells, including most mammalian cells (4), spermatids (5), pituitary gland (6), human platelets and erythrocytes (7),
leukocytes (8), and neurons (9)

The Carboxyl methyltransferase

incorporates methyl groups into these proteins, as outlined in the
following reaction (8).

S-adenosyl
methionine

v °
I

S-odenosyl- 0.
homocysteine \
I

ch2

ch2

„

Ox /

*C
/
Ri

0 -C H 3

I

I

ch2

ch2

CH

c h 3oh

h 2o

N

NH
\
R2

V/ C\ \h
Rl

R2

This reaction in eucaryotes appears to be concerned with signal trans
duction and the control of behavior at the cellular level (8).
Eucaryotic chromatin is a complex of DNA, histones, non-histone
chromosomal proteins (NHCP) and a small amount of RNA.

There are 5 dif

ferent types of histones present throughout the plant and animal king
dom.

These proteins are metabplically stable, positively charged, rich

in arginine and lysine residues, and completely lacking in tryptophan.
Histones are associated with DNA in approximately a 1:1 ratio (w/w) and
are involved in functional and structural properties of the genome.
Studies carried out by Huang et al.

(10) and Allfrey et al.

(11)

first provided evidence that histones are repressor macromolecules.
Huang and Bonner found that wh^n increasing amounts of histones are cornplexed with DNA, a progressive decrease in DNA-dependent RNA synthesis
is observed and transcription is inhibited completely at a 1:1 ratio of
histone:DNA.

Allfrey et al. demonstrated that progressive removal of

histones from nuclei resulted in an activation of RNA transcription.
The similarity of histones in all tissues of all organisms is a clear
indication of the lack of specificity of theise proteins.

While inves

tigators have substantiated the repressor functions of histones, their

L

limited heterogeneity makes it unlikely that histones can, by them
selves, recognize specific gene loci.

4
Considerable attention has been focjised on the arrangement of
histones along DNA and their r<}>le in chromatin structure.

Electron

microscopic and biochemical evidence from many laboratories has revealed
clusters of protein, called "v bodies" or "nucleosomes," approximately

100 & in diameter containing 2 molecules each of histones H2A, H2B, H3,
and H4 (12, 13).

These histones were associated with approximately 150-

200 base pairs and it appears that the DNA was located on the external
part of these particles.

The nucleosomes were spaced with 150-200 base

pairs, with which histone HI was associated.

No specific DNA sequence

was required for nucleosome formation from the observation that the
genetic complexity of the DNA associated wit}h isolated nucleosomes was
the same as that of the total ENA (14).
It should be evident from the preceding discussion that histones
play a key role in genome struc ture.

Histones could be involved also in

the repression of transcription , since modification in gene readout
occurred when DNA-histone inter actions were altered.

HoWever, their

limited heterogeneity and lack of specificity suggest that histones do
not by themselves possess the ability to recognize defined gene loci.
Non-histone chromosomal proteins arei a complex and heterogeneous
class of proteins that have been associated with chromatin structure and
the regulation of gene expressibn.

As a tot al class of proteins, the

NHCP are negatively charged proteins, rich in glumatic and aspartic acid.
Translation of these proteins occurs throughout the cell cycle (15, 16).
Stein and Basergo have demonstrated that most NHCP are synthesized largely
in the cytoplasm (17) and are transferred to the nucleus (15, 16).
newly synthesized NHCP in the nucleoplasm bind to chromatin.

The

This has

been substantiated by the presence of identical molecular weight proteins

5
in the nucleoplasm and on chrotaatin (18-20).

The turnover rates of these

proteins vary from several hours to those which appear to be metabolically
stable (15, 21).
Many of these proteins can undergo post-translational modifica
tions including phosphorylation (12, 22), acetylation (2), poly ADP
ribosylation (23), thiol oxidation (24), and methylation (1-3).

In

addition, glycoproteins and glycosaminoglycans (25) have been shown to
be components of NHCP.

Such modifications Confer potential for increased

specificity of the NHCP.
These proteins can be defined functionally as enzymatic, struc
tural, and regulatory.

The principle enzymes associated with NHCP are

involved in DNA replication, transcription, protein turnover, and protein modification (2).
Various investigators tja^e recently focused att ention on the
possibility that NHCP, like his tones, perform major structural tasks
in chromatin.

More than half the mass of tlje NHCP found in vertebrates

are composed of as few as 12-18 proteins (2 ).
account for 38% of the mass of the NHCP.

In rat liver, 6 proteins

Fo ur of these proteins have

been identified preliminarily a,s myosin, actjin, tubulin, and tropomyosin
is

(27).

Like histones H3 and H4, these protei ns do not turnover in the

absence of cell division (21, 28).

They contribute to the conformation

of chromatin (29) in the absenc e of histones
nucleosomes (35-37).

(30-34), and are present in

These obs ervations suggest that at least some NHCP

may be involved in the maintenance of the chromatin structure
nc
that
A great deal of evidenc e has accumulated which indicates

V

NHCP play a role in the transcription of the genome in eukaryotic cells.
These proteins can restore in yitro template activity of DNA for mRNA

synthesis that has been inhibited by histones (38-43).

They have the

ability to mediate the synthesis of mKNA in a tissue-specific and cellspecific manner (44-46).

These proteins possess characteristics that

one would expect of molecules whose function is involved in the modu
lation of gene expression, including tissue specificity (38, 47-51),
changes throughout the cell cycle (52, 55) and changes correlated with
the metabolic state of the cell (56).

These characteristics, in addi

tion to the fact that a substantial part of NHCP turnover in differen
tiating cells (57-60), strongly suggest that NHCP are involved in the
regulation of gene expression.
The specific manner by which regions of the genome are regulated
has yet to be defined.

Several postulations have been suggested concern-

ing the regulatory nature of th ese proteins.

They may control transcrip-

tion by mediating structural changes in chro:matin (42, 61, 62).

Bekhor

and Samal have isolated a speci:fic group of NHCP which stimulates RNA
synthesis by an overall effect on the conformation of DNlA/histones (61).
Stein et al. have proposed that the histone gene is "de-repressed" rather
than "activated," by a component of the S-phase NHCP which modifies the
interaction of histones with DNK in a specif ic manner to render this gene
transcribable.

Partial displac ement of histones from DNA may be required,

which could be brought about by competition of NHCP with specific sites
on the DNA (62).

The regulatory nature of these proteins results in a

stimulation (22, 61, 63) or inhibition (64) of RNA polymerase.

One

stimulatory fraction has been purified and characterized as having a
molecular weight of 66,000 and a pi = 8.2-9.3.

Whether this class of

proteins functions as a regulatory factor according to their specificity
for RNA polymerase or DNA or boph is not known (22).

7
Conformational changes in NHCP could affect their interaction
with chromatin, resulting in transcriptional changes.

One type of pro

tein modification that results in conformational changes is phosphoryla
tion.

Nuclear phosphoproteins have been implicated in gene regulation.

They are tissue specific (48), change throughout the cell cycle (53, 54),
and have a high rate of turnover (60).

Chaflges occur in both protein

species and degree of phosphorylation induced by a variety of gene
activating stimuli such as hormones (65-67).

Differences in the phos-

phorylation of nuclear proteins also have been demonstrated during
carcinogenesis (68, 69) and vir al transformation (60).

The involvement

of these phosphorylated protein s in gene regulation is supported further
by studies concerned with the control of the histone genes in Hela cells,
Stein et al. suggest that a com ponent of nuclear phosphoproteins isolated from S-phase Hela cells itay be involved with the availability of
histone genes for transcription

(62).

Kleinsmith et al. purified a non-

histone phosphatase, and used this enzyme td dephosphorylate nonhistone
proteins from S-phase Hela cel! s.

Chromatin reconstituted with these

dephosphorylated proteins exhibited roughly a 50% reduction in the over
all number of initiation sites available for transcription when compared
to controls (70).

Partial fractionation and characterization of the

nuclear protein kinases in Hela S^ cells further substantiates these
observations.
separated.

Five fractions with phosphoprotein kinase activity were

Each kinase fraction induced a distinctive pattern of pro

tein phosphorylation.

Activities of two fractions were stimulated by

the presence of histones (71).

It is evident that the phosphorylation

of NHCP is involved in the control of gene expression.

MATERIALS

Chemicals
S-Adenosyl-L-[methyl- E ]methionine(| methyl- H]AdoMet) was purchased from ICN Chemical and R,adioisotopes Ijivision, Irvjin, California,
and was diluted with unlabelled

-adenosyl -1methionine (AdoMet) to a

specific activity of 1.0 Ci/mmo 1 J
from Schwartz/Mann.

L-[methyl - Hjmethionine was purchased

All other chemicals exicept AdoMet and S-

adenosylhomocysteine (AdoHom), were purchase d from Mallinckrodt Chemical
Works, St. Louis, Missouri, or Sigma Chemic al Company, St. Louis,
Missouri.

Preparation of S-Adenosyl-Lhomocysteine
S-Adenosyl-L-homocysteinie (AdoHcy) was prepared enzymatically as
described by Duerre (72).

In a final volume of 100 ml, 1 g of adenosine,

1.5 g of DL-homocysteine (free base), and 0.1 M phosphate buffer (pH 6.5)
was added.

After nitrogen gas w^s bubbled through the above solution for

5 min, 5 ml of crude rat liver homogenate, p repared as described by De La
Haba and Cantoni (73), was adde d and incubat ed at 37°C.

After 180 min,

0.025 ml of thiodiglycol was ad ded to maintain the S-adejiosyl-Lhomocysteine in a reduced state

The solution was heated in a boiling

water bath for 5 min to denatur e protein and degrade any AdoMet that
was present.

The S-adenosyl-L- homocysteine was separated from the

crude extract by the use of column chromatography.

8

A 15 cm^ cross-

.4

9
sectional column of Dowex 50 (H+ form) resin, 7 to 10 cm high, was suf
ficient to purify 100 ml of th^ reaction mixture.

Undesirable nucleo-

tides, nucleosides, bases, and amino acids were eluted from the column
with 3 to 4 1 of 0.5 M H 2SO4 .

Adenine was eluted with 200 ml of 1.5 M

H 2SO4 and S-adenosyl-L-homocys1:eine was eluted with approximately 3 1
of 3 M H 2SO4 .

S-Adenosyl-L-homocysteine was precipitated from this

solution by the addition of 20 ml of 20% phpsphotungstic acid solution
for each 100 pmol of compound expected.

After the phos^hotungstate-S-

adenosyl-L-homocysteine complex settled, th£ supernatant^ fluid was
decanted.
for 5 min.

The precipitin was collected by centrifuging at 500 X G
The precipitate wa^ washed with 5 ml of coli distilled

water and dissolved in 5 volumes of acetone : water mixture (1 :1).
The phosphotungstic acid was separated from the AdoHcy by the addition of 4 volumes of a 1:1 solution of isoaihyl alcohol and ether, in
a separatory funnel.

AdoHcy remained in the aqueous ph4se.

This

process was repeated 3 times with 3 volumes of the isoamyl alcohol :
either solution.

The aqueous phase was extracted in a separatory fun

nel 4 times with 3 volumes of dther.

Nitrogen gas was bubbled through

the aqueous phase to remove all traces of ether.

The pH of this solu-

tion was adjusted with freshly prepared BaCO^ (Appendix) to a pH of
4.5.

The BaSO^ was removed by the filtration of the prficipitatin and

was washed with a small amount of distilled H 2O.

The H 2O wash was com

bined with the filtrate, and tfye AdoHcy crystallized by standing at
4°C overnight.
The purity of the compound was tested by paper Chromatography
using butanol-water-acetic aci4 (65:34:1), and found to be 95% pure.
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Preparation of S-AdenosylL-Methlonine
AdoMet was prepared by

le method of Schlenk and De Palma (74).

Yeast cells grown in the presence of roethiopine were extracted with 4
volumes of 1.5 M perchloric acfd for 1 h at room temperature with con
stant stirring.

Cellular debris was removed by centrifugation at

10,000 X G for 10 min and discarded.

AdoMet was precipitated from

the supernatant fluid by the addition of % Volume of cold, freshly
prepared saturated solution of ammonium reineckate.

After storage at

4°C for 8 h, the precipitate w^s collected Tpy filtration, washed with
a small amount of cold water arid dissolved in 10-20 volumes of a 1:1
mixture of acetone and 0.5 M H SO^.

AdoMet was applied to a column of

Dowex 50 (H+ form) resin and efuted as described for the preparation of
AdoHcy.

The compound was precipitated with phosphotungsjtic acid and

separated from phosphotungstate as described for the purification of
AdoHcy.

The compound was checked for purity by paper chromatography,

and found to contain trace amounts of ultraviolet absorbing impurity.

METHODS

Determination of Protein
The method of Lowry et al.
tein concentrations.

(75) was used to determine the pro

Samples Containing 10 to 60 pg of proteins were

brought to a volume of 0.6 ml with distilled water.
D (Appendix) was added.
room temperature.

Three ml of Reagent

The solution was mixed, and allowed to stand at

After 10 miri, 0.3 ml of ?olin-Ciocalt;eau Phenol rea

gent (0.5 M with respect to H 2SO4 ) was added, mixed immddiately, and
allowed to stand for 30 min at room temperateure.

The samples were read

at 690 nm against a reagent blank in a spect rophotometer.

A standard

curve was prepared using bovine serum albumin, and was found to be
linear between concentrations cjf 10 to 60 pg; of bovine serum albumin
per ml, as shown in Figure 1.

Determination of DNA
The method of Burton (7 6) was used for the determination of
DNA present in nuclei and chron.atin.

Samples containing 10 to 100 pg

of DNA were made up to 1.0 ml W:ith a final concentration of 0.5 M perchloric acid.

Two ml of diphen;ylamine reagent (Appendix) were added

and the solutions were mixed an<d incubated at 30°C.

After 16 h, samples

were read against a reagent bla:ink at 600 ito in a spectrophotometer.

A

standard curve was prepared froim calf thymus DNA, in 0.5 M perchloric
acid and was linear between 10

nd 100 pg of DNA, as shown
Dwn on Figure 2.
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Fig. 1.
Standard reference curtve for the d etermination of
protein concentration, usin g bovine seriim albumin.

OPTICAL DENSITY

fj.q OF BOVINE SERUM ALBUMIN
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Fig. 2. Standard r eference cuifve for determination of DMA
concentration, using calf tjh;.ymus DNA.

OPTICAL DENSITY

fj.q OF CALF THYMUS DNA
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Preparation of Purified Nuclei
Long Evans rats were killed at the specified age.

The brain,

kidney, liver, and thymus removed, and placed in 0.32 M sucrose/ 1.0 mM
MgCl 2 (Solution 1).

These orgkns were blotted dry on filter paper,

weighed, and homogenized in 10 volumes of Solution 1.

The homogenates

were filtered through 4 layers of cheese cloth and the crude nuclei
pelleted by centrifugation at &00 X G.

Thymus nuclei were purified by

resuspension in Solution 1 and the nuclei pelleted as described above.
The brain, kidney, and liver npclei were suspended by homogenization
ion
in
Solution 1 and 2.5 M sucrose/1.0 mM MgCl 2 was added to obtain a 1.77 M
solution.

Brain nuclei were removed by centrifugation at 78,000 X G

for 60 min in a Spinco ultraceptrifuge, whil e nuclei from the other
organs were underlayed with a 2 .14 M sucrose/1.0 mM M g C ^ and centri
fuged at 100,000 X G for 35 min in an International centrifuge.

Preparation of Cytoplasm,
Chromatin and Nucleoplasm
The 800 X G supernatant fluid from above was centrifuged for
60 min at 102,000 X G to pellet mitochondria, microsomes, and ribosomes.
The supernatant fluid (cytoplasm) was decanted and the pellet disgarded.
Purified nuclei were lysed with 10 mM potassium (phosphate buffer,
pH 6.0.

The chromatin and nucl[Jeoplasm were separated by centrifugation

at 20,000 X G for 15 min.

The supernatant fluid (nucleoplasm) was cen-

trifuged at 102,000 X G for 60 min to pellet the ribosomes.

Preparation of Soluble
Carboxyl Methyltransferase
A method was developed t<5 solubilize as many NHCP from chromatin
as possible without releasing h istones H2A, H2B, H3 and H4.

The carboxyl
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methyltransferase was extracte J from chroma'tin with 0.4 M NaCl/10 mM
TRIS-HC1, pH 8 .3/0.2 mM dithiothenitol (DTT) .
for 10 min at 20,000 X G, the pupernatant

After centrifugation

luid was dialysed overnight

against 100 volumes of 10 mM Tp.IS-HCl, pH 8 .3/0.2 mM DTT/0.10 mM ethylenediamine-tetraacetic acid.

Assay for Soluble Carboxyl
Methyltransferase
The reaction mixture contained 75 mM sodium acetate buffer, pH
6.5, 0.5 mg gelatin, and up to 0.8 mg of enzyme protein, in a final
volume of 0.4 ml.

The reactioii was started by the addition of 10 yM

[methyl- HjAdoMet (1.0 Ci/mmol) and terminated after 10 min with the
addition of 0.4 ml of 10% trichloroacetic acid (TCA).

The precipitate

was collected with centrifugation, and the pellet washed once with 2.0
ml of 10% TCA.

The precipitate: was resuspended in 0.5 ml of 1.0 M

sodium borate buffer, pH 11.0, for 1 h at room temperature with inter
mittant mixing to release radlc active methyl groups froq NHCP.

The

radioactive methanol was extracted by 3 ml cif toluene-isjoamyl alcohol
(3:2, volume/volume) and measur ed by subtradting the radioactivity
left after evaporation of a 1 nf1 aliquot from total radioactivity
present in a similar 1 ml aliquot.

Enzyme activity with endogenous

substrates was measured in the absence of gelatin.

One enzyme unit

was defined as that amount cataJlyzing the incorporation of 1.0 pmol
of ^H-methyl/min at 37°C.
mg protein.

Specific activity was expressed as units/
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Assay for Carboxyl
Methyltransferase in Nuclei
The reaction mixture contained sucreose gradient purified nuclei
suspended in 0.32 M sucrose, 1,0 mM MgCl 2 » 1.0 mM phenylmethyl sulfonyl
fluoride (PMSF), and 50 mM potassium phosphate
ate buffer, pH 7.0.

The

reaction was initiated by the addition of 2 0 PM [methyl^ H ] AdoHet (1.0 Ci/
mmol) and stopped at the desighated time with the addition of AdoHcy to a
final concentration of 0.5 mM along with rapid cooling to 0°C in a dry
ice/ethanol bath.

The nuclei wefe lysed in 7 volumes of 10 mM potassium

phosphate buffer, pH 6.0, and t|he nucleoplasm separated from chromatin
by centrifugation at 20,000 X 4 for 5 min.

The chromatin was stirred

intermittantly for 5 min in 7 Volumes of 0.34 M sodium citrate buffer,
pH 6.3.

After centrifugation a|t 20,000 X G for 5 min, 0.5 ml of 1.0 M

sodium borate buffer, pH 11.0, was added.

3,
Tfhe pmol of methyl- H incor-

porated per mg NHCP was determi ned as described above.

The protein con-

centration was determined using Lowry reager t with an autoanalyzer.

Assay of Methylesterase
Associated with Chromatin
Liver nuclei were incub ated in the p resence of [methyl- H]AdoMet
for 40 min as previously described.

The nuc lei were lysed with 4.0 ml of

10 mM potassium phosphate buffejr, pH 6.0.

The chromatin was collected by

centrifugation and washed 3 timps with the same buffer.

It was suspended

in 50 mM sodium acetate buffer, pH 5.2, containing 1.0 mM PMSF, at 0°C.
The reaction was initiated by incubating the chromatin at 37°C.

After

the time specified, the reaction was stopped by adding 1.0 ml of 10%
TCA.

3
The pmol of methyl- H remaining per mg NCHP was determined as

previously described.

Controls were treated exactly as described
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above, except the methylesterdse was denatu red with 10% TCA prior to
suspension in sodium acetate buffer.

Isolation of NHCP from
Chromatin on Hydroxylapatite
NHCP were separated fr|>n| histones a! d DNA on hydroxylapatite as
described by Bluthman (77).

[

issolved in 0.5 M NaCl /

C

5.0 M urea / 1.0 mM sodium phofephate, pH 6.8 , to give a final concen
tration of 0.5 mg DNA/ml.

This mixture was added to hydroxylapatite

equilibrated previously in the above buffer
absorbs 0.7 mg DNA or 1.0 mg NHCP.

One ml of packed resin

After 30 min at 4°C, the suspension

was poured into a column (raticji of length to diameter was 8 to 1) which
was run at 4°C with a flow rate of 2-3 ml h”^ X cm~^.

The unabsorbed

histone R2A and H2B were eluted with the same buffer.

The first non

histone fraction was eluted witfh 0.45 M NaCl / 5 M urea / 0.05 M sodium
phosphate, pH 6 .8 , and the coliimh equilibrated with the initial buffer
(0.5 M NAC1 / 5 M urea / 0.001 M sodium phosphate, pH 6 .8) to reduce
the phosphate concentration to the original level.

The second histone

fraction was eluted with 2 M Na Cl
1 / 5 M urea / 0.001 M sodium phosphate,
pH 6 .8 .

The remaining NHCP wer:e eluted with a linear gradient formed by

allowing 200 ml of 0.35 M potasssium phosphat e buffer, pH 7.5 / 5.0 M
urea / 2.0 M KC1, to flow into an equal voli^me of 1.0 mH| potassium phosphate, pH 7.5 / 5.0 M urea / 2. 0 M KC1.

Acrylamide Gel Electrophoresis
Gel electrophoresis was performed using the method of Laemmli
(78).

The gel contained 10% ac rylamide, 0.8% bisacrylamide, 0.375 M

TRIS-HC1, pH 8 .8 , and 0.1% sodi urn dodecyl sulfate (SDS).

The stacking
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gel contained 5% acrylamide, 0 .8% bisacrylamide, 0.375 M TRIS-HC1, pH

6.8 , and 0.1% SDS.

The gels w ere polymerized by the addition of 0.025%

by volume of tetramethylethylepediamine and ammonium persulfate.

The

1

electrode buffer contained 0.0^5 TRIS-HCl, p.192 M glycine, and 0.1%
SDS with a final pH of 8.5.

The sample buffer contained 0.0625 M

TRIS-HC1, 0.192 M glycine, and 0.1% SDS with a final pH of 8.5.

The

sample buffer contained 0.0625 H TRIS-HCl, pH 6 .8 , 2.0% SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.001% bromophenol blue.

Slab gel
%

electrophoresis was carried out at 10°C with a current of 30 mA.

When

the tracking dye, bromophenol blue, reached the bottom, electrophoresis
was stopped.

The gels were fined with 40% ethanol in 5% acetic acid

for 1 h prior to staining.

The proteins were stained for 30 min at

room temperature with 0.25% Coomasisie brilliant blue in methanol /
acetic acid / water (5/1/5).

T,he gels were destained in methanol /

acetic acid / water (1/1.5/17.5) overnight with one change

Autoradiography
Autoradiography was performed by the method of Bonner and Luskey
(79).

After the gel was destai ned, the watdr was removed with 50 volumes

of dimethyl sulfoxide (DMSO), w 1th 2 changes.

The gel was placed in a

22.2% (weight/volume) solution of 2 5-diphenyloxazole (PPO) in DMSO.
After 3 h the DMSO was exchanged for water.

The gel was dried and

exposed to XR-5 Kodak X-ray film at -82°C for up to 35 days.

Gas Chromatography
Analysis of volatile ^H-products was carried out on a PerkinElmer 900 Gas Chromatograph equipped with a column splitting device
allowing for the detection of radioactive compounds (80).

A one-foot
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teflon column (1/8 inch outsid
(mess size 100-150).
from 27-32 ml/min.
at 250°C.

diameter) waas packed with Porapak QS

Helium was used as a carrier gas at a flow rate
The injector and detector chambers yere maintained

Samples were injected at a column temperaturd of 50°C and

after a 1-min post-injection period the met h a n d was eldted by increasing the column temperature to 80 C.

Immediately after sample injection,

fractions were collected for t^e desired title by bubbling the column
effluent through 10 ml of scintillation counting solutidn.

The tri-

diated compound(s) present in the fractions was determin ed by liquid
scintillation spectroscopy.
200°C for 10-15 min.

Ttje resin in tHe column was cleaned at

RESULTS

In Vitro Methylation of NHCP
After the nuclei from rat livers were incubated with [methyl- H]AdoMet, the chromosomal protei ns! were fract ionated on hydroxylapatite
(Fig. 3).

Histones H2A and H2lB were located under peak 1, while the

other histones were found undef peak 3.

Au toradiography revealed that

the radioactivity under peak 1 was not asso d a t e d with proteins while
that under peak 3 was incorpor^ ted into histones H3 and H4 (Fig. 4).
The proteins under peaks 2, 4 and 5 were fo und to constitute the NHCP.
The majority of the

H-methyl groups under peak 2 were incorporated into

the NHCP, while trace quantitie s' of methylated histones (Mol. wts.
11,280 and 15,200) were present (Fig. 4B).

The methylated proteins

located under the radioactive peak at the beginning of the gradient
were found to be identical to those under peak 2.

Apparently all the

methylated NHCP do not dissocia te from the DNA in the presence of 0.45
M NaCl 5.0 M urea 50 mM sodium phosphate buffer at pH 6.8 .
The type of methylation of NHCP was investigated.

Friedman et al.

(1) previously reported that titese proteins were N-methylated.
of ^H-methyl NHCP (peak 2, Fig

Three mg

3) were hydrolysed in 6 M HC1 for 24 h at

110°C, in vacuo, according to the method of Duerre and Ghakrabarty (81).
The hydrolysate was evaporated to dryness w^th a Rolovat evaporator.
This process was repeated 3 tint,es by the addition and removal of 1^ 0 .

•■

The hydrolysate was dissolved

n 0.3 ml of 0.2 M sodium citrate, pH
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Fig. 3. Fractionation of chromosomal proteins on hydroxylapatite.
Gradient purified nuclei were prepared from 6- 8-da^-old rat livers. The
J
nuclei (10 mg DNA/ml) were incubated al 37°C in 20 yM [methyl-JH]AdoMet
(1.0 Ci/mmol) , 0.32 M sucrose, 1.0 mil gCl 2 , 1.0 MM phenylmethyl sulphonyl
fluoride (PMSF), and 50 ml potassium phosphate buffer, pH 6.9. After 90
min, the nuclei were lyse^ with 10 mM potassium phosphate buffer, pH 6.0.
The chromatin was separated from nucleoplasm by centrifugation, washed 3
times with the same buffeij, and solubilized in 0.5 M NaCl / 5.0 M urea /
1.0 mM sodium phosphate buffer, pH 6.8
The NHCP were separated from
histones on hydroxylapatit e, as descrit ed by Bluthman (77). The proteins
were eluted by the addition of the foil owing buffers, designated by the
arrows.
(1) 0.5 M NaCl / 5 j 0 M urea / 1.0 mM sodium phosphate, pH 6.8 .
(2) 0.45 M NaCl / 5.0 M ur ea / 50 mM sqdium phosphate, pH 6.8 . (3) 2.0
M NaCl / 5.0 M urea / 1.0 mM sodium phc sphate, pH 6.8 . (4) A linear
gradient formed by allowing 200 ml of
.35 M potassium phosphate, pH
7.5 / 5.0 M urea / 2.0 M KCl to flow in to an equal volume of 1.0 mM
potassium phosphate, pH 7.5 / 5.0 M ure
/ 2.0 M KCl.
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Fig. 4. Electrop aoresis(A) an d autoradiography(B) of non
histone chromosomal prote ins. The nuc lei were isolated from the
brain (a), liver (b), and t|aypus(c) of 6- 8-day-old rats, incubated
with [methyl-^H]AdoHet, and the NHCP w ere separated from histones
and DNA, as described under Figure 1. Approximately 50 pg of NHCP
from peak 2 were subjected to slab gel electrophoresis in sodium
dodecyl sulfate containing 10% acrylam ide (78). The gels were
to render the proteins
stained with Coomassie Br
visible, dried and exposejd for 35 days at -82°C to XR-5 Kodak,
X-ray film (79). The letter d denotes liver nuclepplasmic proteins. The lines adjacent to the gels in A denote those proteins
that are carboxyl methylated as observ ed in B.
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2.2 and applied to a column (0 .9 x 4.0 cm) Containing Beckman PA-35 resin.
The amino acids were eluted frcm the column!with 0.35 M citrate buffer,
pH 5.82, at 26°C under 350 psi.

We were not able to detect N-methylated

amino acids, including arginine, lysine, and histidine.

Furthermore,

most of the radioactivity present was not associated with any of the
amino acids eluted, suggesting that the methylated product was volatile.
Carboxyl methylated dicarboxylic amino acids have been shown to be heat
labile.
To determine if indeed the NHCP under jjeak 2 were 0-methylated,
the proteins were analysed for the presence of methyl esters.

NHCP were

subjected to hydrolyse in 1.0 k sodium borage, pH 11.0, for 1 h at 37°C
The methanol was extracted from this solutidn with 1.0 ml of isoamyl
alcohol/toluene (2/3).

After centrifugation, the isoamyl alcohol/toluene

was removed and a 1.0 pi sample was injected into a Perkin-Elmer gas
chromatograph, containing a one foot long column packed with Porapak
resin, type QS.

This machine was equipped with a column splitting

device used to count radioactiv ity associated with the different peaks
eluted from the column.

The injector and detector manifolds were main-

tained at 250°C while the sampl es were injected at column temperature
of 50°C.

After a 1 min post-injection perio d, the column temperature

was increased to 80°C at a rate of 32°C/min

Methanol,

hich has a

boiling point of 64.5°C, was el uted from the column shortly after the
temperature pasted 65°C.

The only radioactive compound eluted from

the column was associated with the methanol peak.

To substantiate that

%-methanol was present, 2.0 nmoles of "^C-methanol in 2.0 pi was mixed
with 2.0 pi sample of isoamyl alcohol/toluene solution.
O
cochromatographed with the JH-lhbelled compound.

The ^C-methanol
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The total amount of methyl esters associated with NHCP (peak 2,
Fig. 3) were determined from 64day-old rats
from liver nuclei as described under Figure

The NHCP were isolated
.

The metHyl esters were

hydrolysed from the NHCP and tl}e methanol analysed as described above
The amount of methanol present |was calculated by comparing the weight
of the paper under the peak prddhced from 2.5 nmol of methanol to the
weight of the paper associated with the unknown sample.

The NHCP con-

tained 65 nmol of methanol per

3
g, while only 0.8 pmol of JH-methyl
were

incorporated per mg in nuclei,

It was therefore evident that only a

small amount of substrate was available for methylation, in vitro.
Platelets and erythrocyte membrane proteins (7), as well as
lymphocytes (8), have been foup d to contain 0-methylated proteins.

It

is possible that NHCP were contaminated witl} trace quantities of highly
methylated proteins from one or more of the^e sources.

After 6-day-old

rats were injected with L-{methyl- H]methior^ine(7 mCi/mmol), the animals
were killed after seven h, and the blood was removed.

The white and red

blood cells were separated by c entrifugatioi^ and were analysed for the
pmol of methyl esters associated with protein, as described in "Methods."
r>

These proteins contained 3 pmol JH-methyl/mg protein.

Nuclear membranes

also contained low levels of ca rboxyl methylated proteins.

After nuclei

were incubated with [methyl- H]AdoMet, nuclear membranes were isolated by
the method of.Kashnig and Kaspe
%-methyl/mg protein.

(82).

The protein contained 7 pmol

It is ev ident therefo re that the NHCP did not

contain low quantities of highly methylated proteins from these sources.
After nuclei from the brain, liver, and thymus were incubated

3
with [methyl- H]AdoMet, the NHC? were separated from the histones and
DNA b y liquid chromatography, using hydroxylapatite resin, as described

29
previously.

The NHCP (peak 2) from brain, ^.iver, and thymus were dis-

tinctively different in electr qphoretic components (Fig. 4A).
liver 4 of these components wer e methylated

In the

The protein with a mole-

cular weight of 66,000 was ext rjemely intense (Fig. 4B).

Brain chromatin

contained 6-methylated componer. ts, the most intense had (molecular weights
of 35,000 and 66,000.

The four components xn thymus chromatin did not

appear to be highly methylated,

The methylated proteins from the brain,

liver, and thymus were differen tj except for the component with a molecular weight of 66,000.

Some of these differences could be the result

of proteolysis; however, when 1 .0 mM phenylulethyl sulfonyl fluoride
(PMSF), a proteolytic inhibitor

was added to the reaction mixtures,

the electrophoretic patterns of tihe 0-methylJated proteins remained
unaltered.

Properties of Carboxyl Methylatl
ed NHCP
Previous investigators lave found tl^at protein-methyl esters were
unstable under neutral or alkaline conditions (80, 81).

The stability of

the methyl groups esterified to the NHCP were investigated under a variety
of conditions.

These methyl es ters were qui te stable at a pH below 8.5.

Essentially no methanol was released in 50 mlM Tris-glyci^e buffer, pH 8.5,
at 24°C for up to 3 h.

The met lyl esters were completely hydrolysed in

0.1 M NaOH after 45 min at 37°C , whereas hydrolysis was 80% complete in

1.0 M sodium borate after 1 h a t 37°C (Fig. 5).

Sodium borate has been

utilized by numerous investigators to hydrolyse methyl esters (4, 6 , 7, 9).
Unfortunately, we used this technique throughout most of this study, not
realizing that it did not completely hydrolysse all of the methyl ester
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Gradient puriFig. 5. Release of % - methyl groups from NHCP.
fied liver nuclei were pr^ pared, incuba ted with Imethyl-^HjAdoMet, and
. Chromatin was suspended in
chromatin washed as descr ibe d in Fig.
0.5 ml 1.0 M sodium borat buffer, pH 1 .0 , to release the radioactive
methyl groups from NHCP fc varying pel iods of time at 23°C (@— ©)
or 37°C. The radioactive methanol rele ased was extracted with 3 ml of
a mixture of toluene risoam;yl alcohol C.3/ 2 , vol/vol) and measured by
subtracting the radioactiv ity left aft
evaporation of a 1.0 ml aliquot
from total radioactivity pre sent in a similar aliquot.
The protein concentration was determined by the use of an autoanaljyser.
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bonds associated with NHCP.

Apparently, the NHCP methyl esters do not

hydrolyse as readily as other methylated proteins.
Nucleoplasmic proteins were essentially devoid of methyl esters
(Table 1).

However, we have found that this fraction contained proteins

with molecular weights similar to the methylated NHCP (Fig. A).

Further

more, methylated proteins were not released from chromatin with 10 mM
potassium phosphate buffer, pH £.0, which solubilized 35-45% of the
NHCP.

Extraction of the chromatin with 0.34 m sodium citrate, pH 6.3,

released a majority of the proteins, but the methylated NHCP were not
solubilized.

It was evident therefore that the 0-methylated proteins

were tightly associated with chromatin.

TABLE 1
THE INCORPORATION OF

H-METHYL GROUPS INTO NUCLEAR FRACTIONS

3
Fraction

Nucleoplasm
First Wash
Second Wash
Third Wash
Citrate Wash
Chromatin

Total mg
of protein

pmol H-methyl/
mg protein

3.62
0.84
0.39
0.23
1.39
0.46

0.10
0.46
0.23
0.50
0.18
73.5

Liver nuclei were prepar ed, incubated with [methyi-^H]AdoMet,
and the nucleoplasm separated from chromatin, as described under
Figure 1. Nucleoplasm was subjected to centrifugation for 1 h at
78,000 X G to pellet the ribosomhs.
Chromatin was washed with 7.0
ml of 10 mM potassium phosphate buffer, pH 6.0, by intermittent stir
ring for 5 min, and the supernatant fluid (First Wash) recovered by
centrifugation. This process was repeated twb additional times with
the same buffer.
Chromatin, not previously extracted, was washed once
with 0.34 M sodium citrate, pH 6.3, as previously described.
The pmol
of % - m e t h y l incorporated /mg protein was determined on the various
fractions as described under Figure 3A.
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Properties of Chromosomal Bound
Carboxyl Methyltransferase
To determine the pH optimum of the Carboxyl methyltransferase,
nuclei were incubated as described previously at different pH values
for 5 min.
(Fig. 6).

Two pH optimums were observed at 6 .9-7.0 and above 9.0
A pH of 6 .9-7.0 was used in the following experiments

because this was closer to physiological pH and because of the labil
ity of the NHCP methyl ester bond in a pH greater than 8.5.
The incorporation of

H-methyl groups into NHCP from {methyl-

^HjAdoMet increased with time in liver nuclei (Fig. 7A ) .

The rate of

methylation dropped off significantly after 10 min, reaching satura
tion within 45 min.

Detection of Chromosomal Bound
Methylesterase(s)
A decrease in the levels of JH-methyl esters associated with
chromosomal proteins was observ ed after 0.5 mM AdoHcy was added to
inhibit the methyltransferase,

This decrease could have resulted

from either chemical hydrolysis or the prese nee of a methylesterase.
Since the methyl ester bonds ar e stable at a pH of 7.0, it was more
likely that the decrease was due to a methylesterase.

After the

chromatin was treated with trie lloroacetic a>cid, no activity was
observed.

This further supportjs the presenc e of a methylesterase

associated with chromatin.
The presence of a methylesterase tightly associated with
chromatin was verified by the following experiment.

After nuclei

has been incubated with Imethyl-^H]AdoMet, chromatin was isolated
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Fig. 6 . Incorpor ation of ft-methyl groups into NHCP as a
function of pH. Liver nu clei were pre pared and incubated with
[methyl-^HjAdoMet at the designated pH for 5 min as described in
Fig. 3. The reaction was stopped afte 5 min by the addition of
AdoHcy to a final concent ration of 0.5 mM and rapidly cooled in
a dry-ice ethanol bath. The nuclei we re lysed by the addition of
2 volumes of 10 mM potass ium phosphate buffer, pH 6.0. After the
chromatin was separated from nucleoplas m by centrifugation, it was
suspended in 1.0 M sodium borate, pH 11.0, for 45 min at 37°C, and
the pmol ^H-methyl incorp arated/mg NHC P was determined as described
in Fig. 5.

a .
q/

rJ

i
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Fig. 7. Incorporation and relp ase of H-m^thyl groups from
NHCP. A. Gradient purified liver nuc ei were prepared and incubated
with [methyl-^H]AdoMet as described und er Fig. 1. The reaction was
stopped at the designated time with the addition of S-adenosylhomocysteine to a final concentration of 0 5 mM and frozen in a dry iceethanol bath.
Chromatin, prepared as described under Fig. 1, was
resuspended in 0.5 ml 0.1 N NaOH for 60 min at 37°C with intermittant mixing to release the radioactive methyl groups from the NHCP.
The radioactive methanol released was extracted with 3 ml of a mixture of toluene:isoamyl alcbhol (3:2, vol:vol) and measured by subtracting the radioactivity left after evaporation qf a 1.0 ml aliquot
from total radioactivity present in a Similar aliquot. The residual
80°C and their concentration
proteins were solubilized
determined on an autonaly^eb.
B. Aft dr nuclei were incubated with
[methyl-^H]AdoMet for 60 min, the chrom.atin was recovered as
described under Fig. 1 and suspended m 50 mM sodium acetate buffer
(pH 5.2)/1.0 mM PMSF at 0 C. The reac ^ion was initiated by incubating the chromatin at 37°C and stopped by the addition of 1.0 ml of
10% TCA.
Controls (o
o) were treatecjl exactly as described above,
except the methylesterase was denatured with 10% TCA prior to suspension in the sodium acetate buffer.
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and washed three times with a dilute buffer
under Figure 3.

as described previously

The chromatin was suspended in 50 mM sodium acetate

*

buffer, pH 5.2/1.0 mM PMSF, and the reaction was initiated by increasing the temperature to 37°C.

decrease in the methyl esters associ

ated with NHCP was observed (F:^g. 7B), indieating that methylesterase(s)
was bound to chromatin.

Cellular Distribution of the
Carboxyl Methyltransferase
Various cell fractions from the liv^r were assayed for the
presence of Carboxyl methyltrat sferase activ ity with endogeneous substrates (Table 2).
and nuclei.

This enzyme (s) was detected in both the cytoplasm

The presence of a cytoplasmic Carboxyl methyltransferase(s)

has been described previously by Paik and Kim (4), while the presence of
the enzyme(s) in nuclei has not been reported.

The majority of the

liver nuclear enzyme(s) appears to be associated with the chromatin,
while trace levels of enzyme(s) were present in the nucleoplasm.

The

low level of activity present ih the nucleoplasm could bk due to a low
level of enzyme and/or the availability of substrate.

Various investi-

gators have utilized gelatin as a methyl acc eptor with Carboxyl methyl-

.
transferases (4, 9).

However, when gelatin was added to the nucleoplasm,

no increase in activity was observed (Table 2).

In contrast, an increase

[

in activity was observed when the cerebrum a nd thymus nucleoplasm were
employed (Table 3)
The Carboxyl methyltransferase activity was compared in nuclear
fractions isolated from different organs (Table 3).

The nuclei was lysed

in 2 volumes of 10 mM potassium phosphate buffer (pH 6.0) per mg DNA and
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TABLE 2
CELLULAR DISTRIBUTION OF CARBOXYL METHYLTRANSFERASE IN
6- 8-DAY-OLD RAT LIVER CELLS

Cell Fraction

Cytoplasm 1
Nuclei

2

pmol %-methyl

/mg protein/min

ogenous

Gelatin*

0.12

0.44

7.3

—

Nucleoplasm^-

trace

trace

NaCl Soluble Fraction-*-

trace

0.00

3
Chromatin

31.1

—

jThe reaction mixture c
M sodium acetate buffer,
pH 6.5, 0.5 mg gelatin, and 0.7
mic protein, or 0.79 mg
nucleoplasmic protein or 0.55 mg of loosely associated NHCP extracted
with 0.4 M NaCl, in 0.4 ml.
Th
s initiated with 10.0 pM
[methyl-^H]AdoMet (1.0 Ci/mmol) and
min, 0 .4 ml of 10% TCA
was added to stop the reaction.
Endogenous substrate was measured in
the absence of gelatin. The pmo 3J of JH-methyl incorporated/mg protein
was determined as described undier Fig. 5.
^The reaction mixture ontained gradient purified nuclei in
0 mM PMSF, a,nd 50 mM potassium phos0.32 M sucrose, 1.0 mM MgCl 2 ,
phate buffer, pH 7.0, in 1.0 ml
The reacti on was initiated by the
addition of 20 pM [methyl- 3H]Ad oMet (1.0 Ci/ mmol) at 37°C and stopped
after 10 min by rapid cooling in a dry-ice e thanol bath.
The nuclei
were lysed by the addition of 2 .0 ml of 10 mM potassium phosphate buffer, pH 6.0, and the chromatin separated frprm nucleoplasm by centrifugation.
The pmol of 3H-methy 1 incorporatecd/mg NHCP was determined
as described under Fig. 5.
3The reaction mixture cOntained chro matin, suspended in 0.32 M
sucrose, previously washed 3 times with 10 m(M potassium phosphate buffer,
pH 6.0, as described in Fig. 3, 1|.0 mM MgCl2 , 1.0 mM PMSF, and 50 mM
potassium phosphate buffer, pH 7.0. The reaction was initiated with 20
pM [methyl- 3H]AdoMet and stoppe d after 10 min by rapid cooling in a dryice ethanol bath.
The pmol of 3H -methyl incorporated/mg NHCP was determined as described under Fig. 5l.
*Gelatin activity was determined by (subtracting the endogenous
activity from the total activity.
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TABLE 3
CARBOXYL METHYLTRANSFERAlSE in various organs of the rat

Organ

Pmol

methyl H/mg protbin/min

Nucl edpla sm
Endogeno us

NaCl So Luble Fraction

Gelatin *

Endogenous

Gelatin*

Cerebellum

0.25

0.15

0.10

0.02

Cerebrum

0.12

0.35

0.09

0.14

Liver

0.02

0.01

0.03

0.00

Thymus

0.19

0.77

0.16

0.51

Gradient purified nuclei were isolated as described in "Methods,"
and lysed with 2 volums of 10 mM potassium phosphate buffer, pH 6.0.
After the chromatin was separated from nucleoplasm, chromatin was washed
with 2.0 volumes of 0.4 M NaCl ,in the above buffer, and the supernatant
fluid separated from chromatin by centrifugation.
The reaction mixture
contained 75 mM sodium acetate buffer, pH 6.5, 0.5 mg gelatin, and 0.10.80 mg nucleoplasmic proteins or 0.20-0.67 mg of chromosomal salt
extracted proteins in 0.4 ml. the reaction was initiated with 10.0 yM
[methyl-^H]AdoMet (1.0 Ci/mmol) and after 10 min, *0.4 ml of 10% TCA was
added to stop the reaction.
Endogenous activity was measured in the
absence of gelatin.
The pmol of ^H-methyl incorporated/mg protein was
determined as described under Fig. 5.
*Gelatin activity was determined by kubtracting the endogenous
activity from the total activity.
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the nucleoplasm isolated as des cribed in "Methods."

The loosely associ-

ated NHCP were isolated by sus pending chromatin in 0.4 M NaCl/10 mM
potassium phosphate buffer, pH 6.0.
assayed with and without gelati

The two enzyme fractions were
fic activity of the frac-

tions from the cerebellum, cere brum, and thymus nuclei was significantly
higher than the specific activi ty in the liver.

In Vivo Methylation of NKCP
The carboxyl methylatioji |of NHCP was verified, in vivo.

Six-day-

old rats were given L-[methyl-^H]methionine(7 mCi/mmol) by an intra
peritoneal injection.

The animals were killed at varying time periods,

and the chromatin was isolated from gradient purified nuclei as described
in Figure 3.

The fenta moles (fmol) of JH-methyl esters incorporated/mg

NHCP was determined as described under Figure 5.

The pmol of L-Imethyl-

%]methionine incorporated into protein was (calculated bjr determining the
total radioactivity by scintillation s;pectros copy and the protein present
in the sodium borate was determ ined by an aufoanalyzer.

The NHCP from

the cerebellum, cerebrum, kidney, liver, and thymus incorporated signifi
cant amounts of L-{methyl-^Hjmethionine and ^H-methyl esters/mg NHCP
(Fig. 8-12).

The biological half lives of the methyl esters associated

with NHCP and the turnover of the NHCP are summarized in Table 4.

It

was evident that the methyl esters associated with the NHCP turned over
more rapidly than

the NHCP.

as reported previously (21).

The NHCP turned over in less than 24 h,
The low level pf "’H-methyl esters incor

porated/mg NHCP was because 99.88% of the substrate available in these
animals has already been methylated, as previously described.
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Fig. 8 . Specific radioactivities of NHCP from the cerebellum
o .
at various times after injection of L- methyl-^Hjmethionine.
Twentyone 6-day-old Long Evans ^ats were each given 9.0 pCi/gm of L-[methyl^Hjmethionine (7 Ci/mmol) by intraperifoneal injectJion. Three rats
were sacrificed at the designated timeS, the organ removed and the
nuclei purified as described in the "Methods." Theise nuclei were
lysed in 4 volumes of 10 njiM potassium phosphate buf:fer, pH 6.0, containing 1.0 mM PMSF.
The chromatin was washed with 4 volumes of the
same buffer, and separatee} by centrifugation.
This process was
repeated two additional ti|mes. The fmc|l of methyl- % incorporated per
mg NHCP was determined as described under Fig. 5.

TIME (h)
pMOL OF L-CM ETHYL-3H] METHIONINE
INCORPORATED/MG NHCP (x — x )
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Fig. 9. Specific radioactivit ies of NHCP from the cerebrum
at various times after inj Iction of L-fmethyl-% ] m ithionine. Twentyone 6-day-old Long Evans rats were each given 9.0 pCi/gm of L-[methylThree rats
^Mjmethionine (7 Ci/mmol) jy intraperitoneal injection.
the organ removed and the
were sacrificed at the designated time
ethods."»! These nuclei were
nuclei purified as described in the
phosphate buffer, pH 6.0, conlysed in 4 volumes of 10
taining 1.0 mM PMSF.
The chromatin wa;s washed wit 4 volumes of the
same buffer, and separated by centrifu;gation. Thi s process was
repeated two additional times
The fmol of methyl -3H incorporated
per mg NHCP was determined as describe d under Fig. 5.

20
25
40
TIME (h)
60
80
100
120

pMOL OF L -C M E TH Y L -3H5 METHIONINE
INCORPORATED/MG NHCP( x - X )
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Fig. 10.
Specifi radioactivities of NHC}? from the kidney at
various times after inje ction of L-[methyl-%]met':
_^
„
Jiionine. Twenty-one
ven 9.0 pCi/gm of L-fmethyl-^M]6-day-old Long Evans rat s were each
methionine (7 Ci/mmol) by intraperitorheal injection.
Three rats were
sacrificed at the design ated times,
he organ removed and the nuclei
purified as described in the "Methods " These nuclei were lysed in 4
volumes of 10 mM potassi um phosphate buffer, pH 6.0 , containing 1.0
mM PMSF. The chromatin rias washed wi th 4 volumes of the same buffer,
and separated by centrif ugation.
This process was repeated two additional times. The fmol of methyl-^H incorporated per mg NHCP was
determined as described under Fig. 5.

20
25 " 40
TIME (h)
60
80
100
120

0
pMOLOF L-C M E TH YL-3HDMETHIONINE
INCORPORATED/MG NHCP (* — X)

Fig. 11.
Specifi c radioactiv ities of NHCP from the liver at
various times after inje ct ion of L-[m ithyl-%l]mettiionine. Twenty-one
6-day-old Long Evans rats were each gi'ven 9.0 pCi/mg of L-[methyl-%]methionine (7 Ci/mmol) by intraperito:neal injection.
Three rats were
sacrificed at the design4 ted times, th e organ removed and the nuclei
purified as described in the "Methods " These nuclei were lysed in
4 volumes of 10 mM potass ium phosphat buffer, pH 6.0, containing 1.0
mM PMSF. The chromatin v/.as washed wi th 4 volumes of the same buffer,
and separated by centrif v|gation.
This process waS repeated two additional times. The fmol of methyl-^H jj.ncorporated per mg NHCP was
determined as described hnder Fig. 5.

20
25
40
TIME (h )
100
120

0
pMOL OF L -:M E T H Y L -3H] METHIONINE
INCORPORATED/MG N H C P (x -x )
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Fig. 12.
Specifijc radioactivities of NHCP from the thymus at
various times after injection of L-fmethyl-^Hjinethionine. Twenty-one
6-day-old Long Evans rat^ were each given 9.0 pCi/gm of L-Imethyl-^M]methionine (7 Ci/mmol) by ntraperito4eal injection.
Three rats were
sacrificed at the design^t kd times, tf.e organ removed and the nuclei
purified as described in t le "Methods,
These nuclei were lysed in
4 volumes of 10 mM potassi
phosphate; buffer, pH 6.0 , containing 1.0
mM PMSF. The chromatin va washed with 4 volumes of the same buffer,
and separated by centrifugation.
This process was repeated two additional times.
The fmol of methyl-^H incorporated per mg NHCP was
determined as described Ander Fig. 5.

i

5
10
15
20
25

Tl ME ( h)
40
60
80
100
120

pMOL OF L-CMETHYL-3H1 METHIONINE
INCORPORATED/MG NHCP (x—5<)

f MOL OF 3H -M ETH YL
INCORPORATED/MG NHCP (o— o )
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TABLE 4
AVERAGE BIOLOGICAL HALF L IVES OF 3H-ME'THYL ESTERS AND NHCP IN
VARIOUS OR*.GANS FROM 6-D.AY-OLD RATS

Organ

Turnover Rate (h)
>H-•Methyl Esters

NHCP

Cerebellum

0.71

50

Cerebrum

1.28

74

Kidney

7.2

72

0.28

20

0.9 A

28

^ Liver
Thymus

Y“

The turnover rates of the methyl es ters were determined between
3 and 24 h and the turnover ra tes of the NH'CP were calculated between
7 and 120 h. The biological h alf lives wer e calculated from the regression coefficients by the folio'Wing equation
Tv = - log 2 v regression
coefficient (83).

DISCUSSION

When nuclei from the brain, liver, and thymus were incubated
with [methyl-^H]AdoMet, significant amounts of % -methyl groups were
associated with the NHCP.

Contrary to a previous report (1), the only

detectable product associated yith NHCP were methyl esters of aspartic
and/or glutamic acid.
acid(s) was methylated.

To date

we have not determined which dicarboxylic

These proteins were devoid of N-methylated

arginine, lysine, or histidine

The O-methylated proteins were tightly

bound to DNA/histone complex Q. able 1).

Repeated extraction with dilute

phosphate buffer or 0.34 M sodium citrate buffer, failed to solubilize
significant amounts of methylated proteins.

However such procedures

release from 80-90% of the NHCP.
Carboxyl methylated priteins have been found in most mammalian
tissues (4), leukocytes (8), npurons (9), hjiman platelets and erythro
cytes (7).

We established that the NHCP were not contaminated with

trace quantities of highly methylated proteins from any of these
sources.

Nuclear membranes, eirythrocytes, and white blood cells were

found to contain only trace levels of methylated proteins.
The hydroxylapatite fraction of NHCP (peak 2) from the brain,
liver, and thymus showed distinctive electrc
rophor etic patterns (Fig. 4A).
Several proteins appeared to be tissue-specific, while quantitative dif
ferences were evident with some of the others.
have been described previously (38, 45, 47, 48).
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Similar observations
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Carboxyl methylated NHpP1 in these o rgans were tissue-specific
(Fig. 4).

Several NHCP were m ethylated in each of these tissues, while

only one of these proteins was present in a 11 3 organs.
weight of this protein was 66,f)0b daltons

The molecular

The methylated proteins with

molecular weights less than 66 ,000 daltons were not a result of the
hydrolysis of larger proteins.

When PMSF, a proteolytic inhibitor, was

added to the incubation mixture, no change in the molecular weights were
observed.
It was evident that the; methyl esters associated with NHCP were
not readily hydrolysed under mild alkaline conditions, as previously
reported for other protein-methyl esters (80, 81).

When methylated NHCP

were suspended in Tris-glycine buffer, pH 8.5, for 3 h, no methyl ester
bonds were hydrolysed.

All of the methyl esters were hydrolysed from

these proteins in 0.1 M NaOH after 1 h at 37°C.
When NHCP are methylated the conformation, as well as the location of the substrate and/or en;zyme is extremely important.
ant
liver, and thymus nuclei were incubated with

When brain,

[methyl- H]jAdoMet, the

methylated proteins were associated with the DNA/histone complex
(Table 1).

However, when brain nucleoplasm was incubated with [methyl-

^HjAdoMet, many proteins were methylated.
occurred.

W e do not know why this

It could result from a change in the location of the enzyme

and/or substrate, or result fro>tn conformational changes associated with
the substrate and/or enzyme.
The carboxyl methylation [of NHCP was verified in vivo (Fig. 812).

After an intraperitoneal injection of L-{methyl-JHJmethionine,

ad from differ
% - m e t h y l groups were readily d etectable in NHCP isolated
ent organs.

The NHCP turned over at a rapid rate when caompared to
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histones and DNA which did not turnover in the absence of the cell division (Table A).

The biologicail half life of these proteins was observed

to vary when different organs Were compared, further substantiating the
hypothesis that NHCP are involved in gene regulation.
The biological half liLffe of the non-histone chromosomal protein
determined, were a minimum val ue.

Methionine is an essential amino acid

required for a variety of reactions including protein synthesis and methylation.

This amino acid is therefore conserved and reutilized in the

cell, resulting in reincorporation of radipactively labeled methionine
into NHCP.

This would decrease the actual biological half life of these

proteins,
In contrast to the met lyl groups in histones H3 and HA, which turnover at the same rate as the p roteins (83), the average half life of the
^H-methyl esters was short when compared to the turnover rate of the polypetide chains. To date, we hav e not determined the biological half life
for each methylated protein in the various organs.

However, the rapid

rate of turnover of the methyl esters could result from either a NHCP
that has an extremely short bi ological half life or the methyl esters
turnover in the absence of pro tein synthesis.

Both of these possibil-

ities give support to the hypo thesis that carboxyl methylated NHCP have
certain properties expected of gene regulatory proteins (62).
Interestingly, a methylesterase associated with chromatin could
result in the rapid turnover o f methyl groups in the absence of protein
synthesis.

This enzyme was fo und to be tightly associated with chromatin

(Fig. 7B).

The activity of th e methylesterase did not vary when nucleo-

plasm was added to chromatin.

Methylesterase activity j
was
ra also detected

in nuclei isolated from the thymus.

Whether or not this chromatin bound
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enzyme was specific for NHCP wJas not determiined.

Gagnon et al. have

reported the presence of a methylesterase in various rat tissue homo
genates, including brain and liver (84).
It is likely that methjylation of certain NHCP results in the
tight association of these pro teins with th e DNA/histone/NHCP complex.
This is supported by several o Dservations.
bound to chromatin (Table 1).

Methylated NHCP are tightly

Nucleoplasm and loosely associated chromo-

somal proteins are essentially devoid of methyl groups.

However, this

fraction contains proteins wit

molecular weights similar to those pro-

teins that are methylated (Fig

^A and B).

Carboxyl me^hylation of the

acidic NHCP result in the neutralization of negative charges, allox^ing
for the interaction of these proteins with negatively charged DNA.

These

observations give support to the hypothesis that certain newly synthesized
NHCP, present in nucleoplasm, ^tre methylated and as a result tightly bind
to chromatin.
It is attractive to suppose that the methylation and demethylation
of specific proteins could activate or inactivate genes by the binding or
release of these proteins from chromatin.

Gene regulatory proteins are
tA. ^

expected to possess certain cha racteristics

t W-

Of

tSlm--------- --

^

'T 'f -

(22), including tissue spec-

'

ficity, a high rate of turnover , and the ability to stimulate or repress
RNA polyrase activity.

The car boxyl methyla ted NHCP appears to be

tissue-specific (Fig. 4A and B) , and the methyl esters associated with
these proteins and/or the NHCP, turnover at a high rate (Table 4).
Legraverend and Glayer (22) pur ified a NHCP from rat liver that stimu
late RNA synthesis.

Interestingly, this stimulatory protein has a

molecular weight of 66,000, identical to one of the methylated NHCP

1
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presence in brain, liver, and th ynus.

This suggests tha t carboxyl

methylation of a NHCP could resu It in the s timulation of RNA poly
merase.

Therefore, the methyla ion and deme thylation of specific

proteins could result in gene

egulation

SUMMARY

The in vitro methylati oij of non-his tone chromos omal proteins
(NHCP) was investigated in nuc lei isolated from the bra in, liver, and
thymus of 6- 8-day-old rats

Aifter incubati ng the nucle i in the pres
-i
ence of 20 yM S-adenosyl-L-{me thyl- 3H]methi onine(l Ci/ imm
ol) , the NHCP

were separated from histones on hydroxylapa tite, and fr actionated further on SDS acrylamide slab-ge 1 electrophor esis.

After the gels were

dried, autoradiography was use d to detect 3H-methyl grojips associated
with these proteins.

Four NHC P from the li'ver and thymh s were methy-

lated, while six methylated pr oteins were d etected from the brain,
None of the methylated protein s in these ti ssues corres ponded with
those from other organs, excep
weight of 66,000.

for the com ponent with a molecular

It was evid ept that the methyl group s were ester-

ified to the free carboxyl gro ups of NHCP s ince they ar e heat labile,
yielding methanol.
The carboxyl methylate
to chromatin.

NHCP from these organs Vere tightly bound

Nucleoplasm and loosely asso d a t e d NHCP were essentially

devoid of methylated protein,
with molecular weights similar

However, nuc leoplasm con tained proteins
o the methy lated protein s .

The Carboxyl methyltra nsferase has a pH optimum of 6 .9-7.0, was
present in nucleoplasm, extrac table from ch romatin with 0.4 M NaCl, and
non-specifically methylated nu cleoplasmic p rotein when nucleoplasm was
3
incubated with S-adenosyl-L-[m ethyl- H]meth ionine.
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The carboxyl methylati on of NHCP proteins was verified, in vivo,

3
Six-day-old-rats were given Ir[methyl- Hjmethionine(7 mCi/mmol) by an
intraperitoneal injection.

The rats were killed at varying time periods

and the NHCP isolated from gra dient purified nuclei.

Chromosomal pro-

teins from the cerebellum, cer ebrum, kidney , liver, and thymus contained
significant amounts of %I-meth[yl groups.

Turnover of the 3H-methyl esters

was extremely rapid when compared to the turnover rates of the NHCP.
Interestingly, a methylesterasse, xtfas observeed to be tightly associated
with chromatin, and could account for the rapid turnover of methyl esters
in the absence of protein synthesis.
It is possible that methylation of certain NHCP resulted in their
association with chromatin,

^ethylated NH(jP were tight ly bought to chroma-

tin while nucleoplasm contain similar molecular weight proteins that were
not methylated.

These observations give support to the idea that certain

newly synthesized NHCP, preserit in nucleoplasm, were methylated and as a
result of this reaction, tightjljf bind to cb romatin.
It is attractive to suppose that tf e methylation and demethylation of specific proteins could activate or inactivate genes by the binding or release of these proteins from chroiftatin.

The carboxyl methylated

proteins appeared to be tissue specific, ar d the methyl esters associated
with these proteins turnover 4t a high rate.

These observations suggested

that the methylation and demet hylation of specific proteins could result
in gene regulation.

APPENDIX

APPENDIX I
SOLUTIONS
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IiaCO^ Synthes] s
1.

Dissolve 37.5 gm of BaOH :n 500 ml of I^O.

Heat t!

until it almost boils.
2.

Add dry ice to BaOH soluti on until the pH is 6.5.

Determin ation of Prot ein (LOWRY)
Reagent A
2% Na 2C0 3 in 0.1N NaOH

Reagent B

1 .0% CaS O ^'S^O in water

Reagent C
2.0% Na or K tartrate in Virater

Reagent D
Reagent A - 50 ml
Reagent B - 0.5 ml
Reagent C - 0.5 ml

Pl.pi; enylamine Re£ gent
1.5 gm diphenylamine

100 ml concentrated acetic aci d
1.5 ml concentrated sulfuric acid

Scintilla tion Counting
To make 1 liter:

A g PP0
100 mg P0P0P
333 ml TRITON X-1Q0

666 ml Toluene

Solution

solution
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